This review seeks to give an overview of the current approaches to drug delivery from scaffolds for neural tissue engineering applications. The challenges presented by attempting to replicate the three types of nervous tissue (brain, spinal cord, and peripheral nerve) are summarized. Potential scaffold materials (both synthetic and natural) and target drugs are discussed with the benefits and drawbacks given. Finally, common methods of drug delivery, including degradable/diffusion-based delivery systems, affinity-based delivery systems, immobilized drug delivery systems, and electrically controlled drug delivery systems, are examined and critiqued. Based on the current body of work, suggestions for future directions of research in the field of neural tissue engineering are presented.
Introduction
The complexity of the nervous system allows for information to be received and transmitted through the body. As a result, brain, spinal cord, and peripheral nerve tissue pose unique challenges when designing drug delivery scaffolds to serve as replacements for injured or diseased tissue. Many requirements must be met when designing such scaffolds, including creating a permissible, biocompatible environment that allows for cell infiltration and restoration of neuronal connections lost to injury. The scaffolds should also deliver appropriate cues for promoting nerve regeneration in a controlled, localized manner. By following this guidance, engineered tissues can be produced that promote regeneration while becoming fully integrated into the existing healthy tissue. This paper will describe the challenges that need to be overcome and summarize the previous approaches to scaffold design and methods of drug delivery for neural tissue engineering applications.
Challenges in engineering scaffolds for brain tissue repair
Implantable scaffolds can be used to treat a variety of issues associated with the brain injury and disease, including replacing tissue lost to traumatic brain injury (TBI), delivering drugs to help treat neurological diseases such as Parkinson's and Alzheimer's, as well as serving as coatings for brain-implanted devices to limit inflammation. TBI affects over 1.5 million people per year in the United States [1] . Current treatment for TBI focuses on preserving the healthy tissue remaining after injury as opposed to attempting to regenerate damaged tissue. Replacing damaged tissue with scaffolds containing drugs could help promote regeneration and functional recovery. Parkinson's and Alzheimer's disease affect 1 million and 4.5 million people in the United States respectively [2, 3] . Delivery of therapeutics from scaffolds could potentially help limit damage to neurons while helping to preserve function that would normally be lost to these diseases. Finally, drug releasing coatings for brain-implanted devices can improve their function by allowing them to record signals from neurons for longer time periods. Such work is important for the design of brain-computer interfaces (BCIs), as well as for studying mammalian cognition and behavior.
Despite this wide range of potential applications for neural tissue engineering, the brain presents similar obstacles when designing scaffolds. Considerations include minimizing cell death and inflammation after scaffold implantation by choosing biocompatible materials, controlling drug release over an appropriate time course to prevent multiple surgeries or injections, and making the whole process minimally invasive to limit damage done to healthy brain tissue and to preserve the integrity of the blood-brain barrier (BBB).
Each of the aforementioned applications also poses challenges unique to that purpose. Scaffolds designed as treatment for TBI should allow for cell infiltration and eventually degradation, as well as promote tissue regeneration. The brain does not possess the regenerative capacity present in other tissues, such as the peripheral nervous system (PNS). Scaffolds produced to deliver drugs as treatment for disease should be small and minimally invasive while still being able to consistently release drugs over an extended time course due to the ongoing nature of these diseases. Scaffolds used to coat brain-implanted devices must focus on promoting neuronal survival while reducing the inflammatory response to prevent glial scarring. They should also not affect electrode function or alter its impedance. Based on the appropriate design considerations for each application, the scaffold material, therapeutic drug, and delivery method can be selected to produce the desired function.
Challenges in engineering scaffolds for spinal cord repair
Approximately 253,000 people in the U.S. live with the effects of spinal cord injury (SCI) and each year that number grows by an estimated 11,000 people [4] . Current treatment options for SCI are limited. The injured spinal cord produces a complex inhibitory environment that poses many challenges when trying to promote regeneration. After injury, a fluid filled cavity forms at the site of injury, which becomes surrounded by a dense glial scar. Reactive astrocytes, glycosaminoglycans and other inhibitory molecules prevent neurons and other cells from infiltrating the injury site, resulting in a loss of axonal connections and a loss of motor function.
To successfully design a scaffold to be used as treatment for SCI, many considerations must be taken into account. The scaffold should help lessen glial scar formation while containing sites for cell adhesion to allow regenerating neurons to extend axons into the injury site. Additionally, the scaffold should serve as a bridge to help guide the regenerating axons across the injury site and to restore connections with the target of innervation to promote functional recovery. The time course of drug delivery should be selected to promote and maintain long term functional recovery. Such scaffolds provide an alternative means of long term drug delivery compared to other methods, such as the use of osmotic pumps.
Ideally, potential treatments for SCI should be studied in chronic injury models with appropriate assessments of morphological and functional recovery, such as track tracing, locomotor function assessment, and quantification of regenerating neural fibers and immune response, to accurately gauge their promise. One of the main challenges in finding potential treatments for SCI is to find consistent, quantitative, and replicable methods of evaluating the effect of a treatment method on recovery after injury in preclinical trials. More rigorous testing at the preclincal level will allow for a better determination of which therapies to test in clinical trials.
Challenges in engineering scaffolds for peripheral nerve repair
According to various studies, peripheral nerve injury affects 2.8% of all trauma patients and approximately 200,000 nerve repair procedures are performed annually in the United States [5, 6] . The major challenge for tissue engineering in the PNS is to create an alternative to the autograft, the clinical standard of care. Currently, the treatment for long nerve injuries requires removing a donor nerve from a different location and using it to join together the severed nerve. This process currently serves as the "gold standard" for regeneration, but its limitations include requiring two incisions (for donor harvest and repair), creating donor site morbidity, and not always resulting in full functional recovery. The current challenge in peripheral nerve tissue engineering is to produce an implantable scaffold capable of bridging long gaps that will produce results similar to an autograft without requiring the harvest of autologous donor tissue. The end goal would be to produce biodegradable drug delivery scaffolds that will integrate with the damaged tissue to promote consistent fully functional recovery. Such scaffolds must be tailored to the exact specifications of the nerve injury site and should remain intact until the nerve fibers have restored connections and no longer need the support of the scaffold. Additionally, care must be taken to select drugs appropriate for promoting the desired type of neuron regeneration (sensory or motor).
Design Considerations

Scaffold Materials and Properties
One of the first considerations when designing a scaffold for neural tissue engineering is the choice of material. A wide range of materials have been developed for such applications. These materials must be able to conform to the dimensions of the implantation site and maintain an appropriate shape after implantation. The last consideration is especially important when designing nerve guidance conduits (NGCs) for PNS repair. Additional points to consider include how to sterilize the material prior to implantation and if the material will cause an immune response. After these issues have been considered, an appropriate scaffold can be selected based on degradation rate, ability to provide controlled release, and other chemical and physical properties. This section will highlight the novel features of a range of potential scaffold materials, as they all meet to some degree the aforementioned properties. Table 1 summarizes potential scaffold materials and their applications.
Synthetic materials-Synthetic
materials have many advantages for use as scaffolds. These polymers can be tailored to produce a wide range of mechanical properties and degradation rates. They also have known compositions and can be designed to minimize the immune response. Finally, synthetic polymers can be reacted together to combine the properties that are unique to each.
Poly (ethylene glycol)/Poly (ethylene oxide) Poly (ethylene glycol) (PEG), also known as poly (ethylene oxide) (PEO), resists protein adsorption and cell adhesion [7] . These characteristics help minimize the immune response after implantation. Additionally, this polymer can also help seal cell membranes after injury, making it useful for limiting cell death. Hydrophilic PEG hydrogels can be made through a variety of crosslinking schemes to create scaffolds with varying degradation rates and rates of drug release [8] [9] [10] [11] [12] . Further chemistry can be used to modify these gels to add sites for cell adhesion or extracellular matrix (ECM) molecules to allow cells to infiltrate into these scaffolds, extending their potential applications [8, [13] [14] [15] [16] .
Poly(ethylene-co-vinylacetate) Poly (ethylene-co-vinyl acetate) (EVA), a non-degradable, biocompatible, commercially available polymer, is often used to as a controlled drug delivery scaffold. The stability of EVA makes it desirable material choice for delivering drugs over an extended time period. It is commonly used to make microspheres for drug delivery [17] [18] [19] [20] [21] [22] [23] , while more recently it has been investigated for other neural tissue engineering applications, such as repair of peripheral nerve injury [24] [25] [26] [27] .
Poly (glycolic acid)/Poly (lactic acid)/Poly (lactic-co-glycolic acid) Poly (glycolic acid) (PGA), poly (lactic acid) (PLA) are biodegradable synthetic polymers, which can reacted to form the copolymer poly (lactic-co-glycolic acid) [28] [29] [30] . After implantation, the ester bonds that make up the backbone of the polymer can be hydrolyzed, causing the scaffold to degrade into metabolite byproducts. These byproducts can be absorbed by the body and may cause pH changes around the implantation site. The degradation rate of the scaffolds can be altered by varying the ratio of PGA to PLA in the scaffold.
Poly (2-hydroxyethyl methacrylate) and Poly (2-hydroxyethyl methacrylate-co-methyl methacrylate) Similar to EVA, poly (2-hydroxyethyl methacrylate) (pHEMA) and poly (2-hydroxyethyl methacrylate-co-methyl methacrylate) (pHEMA-MMA) polymers are not degradable. As result, scaffolds made from pHEMA and pHEMA-MMA remain stable after implantation [31] [32] [33] . Such scaffolds can be molded into a variety shapes, including being modified to contain channels that can be filled with therapeutic drugs or ECM proteins [32] . The mechanical properties can also be modulated by adding multiple layers of pHEMA to strengthen the scaffold [34] .
Polypyrrole Polypyrroles (Ppys) are polymers that are made up of connected pyrrole ring structures [35] . In addition to being biocompatible, Ppy also is highly conductive, making it convenient for use in neural prosthetic applications [36] . It can be molded into a variety of shapes and allows for cell adhesion [37] . A wide range of work has been published describing how Ppy can be modified in different ways to improve its functionality as a scaffold for neural tissue engineering [38] [39] [40] [41] .
2.1.2 Natural materials-Natural materials possess many properties that make them attractive for neural tissue applications. Many of these materials contain sites for cell adhesion, allowing for cell infiltration. These materials also exhibit similar properties to the soft tissues they are replacing. Since these materials are obtained from natural sources, they must be purified to ensure that no foreign body response occurs after implantation. Homogeneity of product between lots can be an issue with natural materials.
Agarose/Alginate Agarose and alginate are naturally derived, linear polysaccacharides obtained from seaweed and algae respectively. These materials are easily obtained and can be crosslinked to form three dimensional scaffolds [42] [43] [44] [45] [46] [47] [48] [49] [50] . Alginate scaffolds are formed by calcium crosslinking and can be degraded by calcium chelation, while agarose forms a gel based on its thermodynamic properties above a certain temperature. Both polysaccharides must undergo extensive purification to prevent immune responses after implantation. Previous work has shown a relationship between the stiffness of the agarose gel and neurite extension, suggesting an optimal concentration for neural tissue applications [42, 43] .
Chitosan/Methylcellulose/Nitrocellulose Chitosan, methylcellulose, and nitrocellulose are all polysaccharides that possess similar properties and have been characterized for use in tissue engineering applications. Cellulose is the most abundant polysaccharide found in nature and chitin, which can be deactylated to form chitosan, is the second most abundant. Methylcellulose can form thermoresponsive scaffolds, allowing it to be delivered in an injectable form [51, 52] . Though not as widely used, nitrocellulose binds proteins non-specifically, making it convenient for drug loading [53] . Due to its pH sensitive nature, chitosan can induced to form gels at neutral pH and injectable versions of chitosan scaffolds have been produced. Chitosan can be functionalized using the appropriate chemistry to further modify these scaffolds [54, 55] .
Collagen Collagen, one of the most common ECM proteins, has been extensively characterized as a potential scaffolds for neural tissue engineering. Collagen can be isolated from mammals, including rats, bovines, and humans. By changing the pH of collagen solutions, gel formation can be induced. Denatured collagen, known as gelatin, has also been evaluated for use as a potential scaffold [56] . Collagen gels are natural materials but an immune response could arise if cross species transplantation is used. These scaffolds contain sites for cell adhesion and can be covalently modified [6, [57] [58] [59] . Additionally, the scaffold properties can be varied by using different concentrations of collagen.
Dextran Dextran, a complex polysaccharide derived from bacteria, consists of glucose subunits and possesses anti-thrombotic properties. Scaffolds made from dextran are resistant to protein and cell adhesion and have been investigated for use as coatings for neural implants. Dextran can be chemically modified to add selective cell adhesion sites and growth factors [60, 61] . Recent fabrication techniques have made it possible to create macroporous dextran scaffolds that can allow for cellular infiltration [62] .
Fibrin Fibrin serves as the natural wound healing matrix that forms after injury and its precursor, fibrinogen, can be obtained from pooled plasma. Fibrin scaffolds form when thrombin cleaves fibrinogen into fibrin monomers that assemble to form a noncovalent scaffold. Factor XIIIa then creates covalent crosslinks, which stabilize the scaffold. Similar to collagen, fibrin scaffolds contain sites for cell adhesion and the scaffold properties vary depending on the concentration of fibrin used [63] . Additionally, fibrin can also be covalently modified to further alter its properties [64] [65] [66] [67] [68] .
Fibronectin Fibronectin, obtained from bovine or human plasma, is a high molecular weight glycoprotein that can bind collagen, fibrin and heparin. It is found in its soluble form in blood and participates in wound healing process. It can be aggregated to form mats, which can be used as scaffolds for the repair of neural tissue [69] [70] [71] [72] [73] [74] . These mats contain pores that all orient in the same direction to allow for guidance of regenerating neurons, provide cell adhesion sites, and can absorb growth factors, storing them as reservoir.
Hyaluronan/Hyaluronic acid Hyaluronan, also known as hyaluronic acid, is a linear glycosaminoglycan found in brain ECM, making it an attractive choice for central nervous system (CNS) tissue engineering. Despite being generally non-adhesive to cells, it does contain some sites for cell adhesion and is non-immunogenic. It also helps promote wound healing, which is important when promoting tissue repair. One disadvantage of using hyaluronan is that is water soluble, making it difficult to develop an injectable version without adding additional components to help crosslink it into a stable scaffold [75] .
Drug Selection
Selection of an appropriate therapeutic drug or combination of drugs should be based on the type of tissue to be regenerated or the particular application of the scaffold. Care should also be taken to ensure that the target drug retains its activity after incorporation into the scaffold. This section will highlight some of the most commonly used drugs for neural tissue engineering. Table 2 summarizes potential therapeutic drugs and their applications.
2.2.1
Neurotrophins-Some of the most common growth factors used to promote neural tissue regeneration are neurotrophins. Neurotropins are a family of growth factors, which includes nerve growth factor (NGF), neurotrophin-3 (NT-3), neurotrophin-4/5 and brain derived neurotrophic factor (BNDF). They perform crucial roles in the development and maintenance of the nervous system. To activate their downstream signaling pathways, each neurotrophin has a specific high affinity Trk receptor with NGF, BDNF, and NT-3 signaling through the TrkA, TrkB, and TrkC receptors, respectively. Often neurons not receiving appropriate quantities of neurotrophins undergo apoptosis. Neutrotrophins also can signal through their low affinity receptor, the p75 neurotrophin receptor. This receptor can activate apoptosis in response to NGF when the TrkA receptor is not expressed [76] .
NGF plays crucial roles in sympathetic and sensory neuron survival and maintenance [77] . Schwann cells secrete NGF and other factors after peripheral nerve injury and as a result, NGF has been investigated as a treatment for treat peripheral nerve injuries. Additionally, NGF enhances survival of cholinergic neurons, making it a potentially effective therapeutic for the treatment of neurodegenerative disorders such as Alzheimer's disease and Huntingtion's disease [78] . Although NGF has been explored as a potential drug for treatment of SCI, it can induce unwanted sensory neural fiber sprouting that can result in chronic pain [79] .
NT-3 plays an important role in neurogenesis by promoting the differentiation of new neurons and promotes the formation of the corticospinal tract during development [80] . Based on this role, studies have shown that NT-3 can promote survival and outgrowth of motor neurons after injury to the spinal cord [12, [81] [82] [83] . In other studies, NT-3 has also been shown to improve peripheral nerve regeneration [26] .
Originally isolated from the brain, BDNF also helps direct normal neural development, and it possesses neuroprotective properties similar to NGF and NT-3. It is involved with synaptic transmission and maintaining plasticity [84] . Although its use is not as common as NT-3, its potential to treat SCI has been studied [46, 85] .
2.2.2
Other growth factors-Other growth factors that have been studied for their ability to promote nerve regeneration include ciliary neurotrophic factor (CNTF), fibroblast growth factors (acidic and basic, aFGF and bFGF), transforming growth factor β (TGF-β), and glial derived neurotrophic factor (GDNF). CNTF plays a role in motor neuron survival and outgrowth [86] . As result, it has been studied as possible therapeutic to treat peripheral nerve injury and SCI. However, studies suggest that CNTF contributes to glial scar formation after SCI, making it undesirable as a therapeutic in the CNS [87] . Members of the FGF family have also been studied to determine their effect they have on nerve injury. These growth factors can promote recovery indirectly, by inducing angiogenesis to the injury site, and directly by promoting cell proliferation and axon outgrowth at the injury site [88] . GDNF is another neuroprotective growth factor that is secreted by Schwann cells after injury, making it a potential therapeutic for peripheral nerve injury. It also has a potent trophic effect on dopaminergic neurons and could potential serve as treatment for neurodegenerative diseases [78] . GDNF is structurally similar to the transforming growth factors, including TGF-β. TGF-β reduces astrocyte proliferation in vitro and may be useful for coating neural implants [61] .
2.2.3
Anti-Inflammatory Drugs-One of the drugs commonly used to reduce the chronic inflammation and the immune response that accompanies neural implants is dexamethasone, a synthetic steroid. Dexamethasone is commonly used to treat other inflammatory diseases such as arthritis and multiple sclerosis, and now it shows promise for neural tissue engineering applications [40, 89] . Another anti-inflammatory drug, α-melanocyte stimulating hormone (aMSH), has also been investigated for use in conjunction with neural implants. It works by inhibiting production of inflammatory cytokines that induce nuclear transcription factor ?B activation [90] . Other anti-inflammatory drugs could also be explored as potential candidate drugs for delivery from scaffolds that coat neural implants.
Methods of Drug Delivery
Many methods of drug delivery from scaffolds have been developed for use in engineering the different tissues of the nervous system. The method of drug delivery should be selected based on the application, scaffold material, and target drug. Not all of the following delivery methods are compatible with every scaffold material and target drug described in this review, so care should be taken when designing new types of scaffolds. Each of these four methods has advantages and disadvantages, which are discussed below.
Degradation/Diffusion-based delivery systems
One of the most common methods of creating controlled release is to utilize the physical properties of the scaffold material to regulate the amount of drug delivered. To create controlled release, the target drug is mixed with the scaffold precursors during fabrication. In such systems, the properties of the scaffold, such as pore size or crosslinking density, regulate release by diffusion. The rate of scaffold degradation also can affect how much drug is released over time. This section will summarize previous work that took this approach to drug delivery.
Scaffold based delivery systems-Incorporating growth factors into scaffolds
during fabrication provides controlled release over a time course that varies based on the properties of the material. For the treatment of peripheral nerve injury, these drug delivery scaffolds are usually fabricated into nerve guidance conduits (NGCs) that can then be surgically implanted for testing in animal models. One study compared the ability of three different scaffold materials, including methylcellulose, collagen, and a commercial available laminincontaining ECM preparation (Biomatrix), to deliver platelet derived growth factor-BB (PDGF-BB) and insulin-like growth factor-1 (IGF-1) that were incorporated during scaffold fabrication [91] . It was hypothesized that these scaffolds could help limit protein loss to diffusion by trapping the growth factors inside of the scaffolds. The results of this study suggested that methylcellulose was the most suitable of these three materials for use in drug delivery for peripheral nerve repair. Aebischer and coworkers have done extensive work characterizing the controlled release of a variety of growth factors, including NGF, NT-3, BDNF, and GDNF, from EVA rods [24, 26, 27] . The drug delivery from these rods was characterized as an initial burst followed by sustained release for 30 days. These growth factor containing rods were incorporated into pure EVA scaffolds and implanted in different peripheral nerve injury models to test their efficacy. They found that incorporation of GDNF containing rods into nerve guidance conduits increased both the number of myelinated axons and axons present in the gap following injury. Bellamkonda and coworkers incorporated growth factors into microtubules, providing a method of controlled release from agarose scaffolds to promote peripheral nerve regeneration [92] . Using these scaffolds containing NGF and laminin as a treatment for peripheral nerve injury, the resulting regeneration was comparable to that observed for a nerve autograft.
Similar approaches have been developed as potential treatment for SCI. Collagen scaffolds were tested for their ability to deliver NT-3 to the injury site [93] . The animals receiving the collagen scaffold containing NT-3 showed improved functional recovery compared to animals that only received the collagen scaffold without growth factor. The corticospinal tract fibers only grew into the collagen scaffold containing NT-3, suggesting that the drug released from the collagen scaffold retained its biological activity. A pair of recent studies investigated the photopolymerized PEG and PEG-PLA scaffolds as a means of drug delivery for treatment of SCI [11, 12] . The first study demonstrated that these scaffolds that were more densely crosslinked delivered drugs over a longer time course of up to 50 days. The release time course also corresponded to the lifetime of the scaffold. In the second study, PEG-PLA scaffolds delivering NT-3 were tested in a model of SCI. This study showed that these scaffolds released NT-3 for 14 days in vitro, and that in in vivo they promoted axonal sprouting. Experimental animals that receiving the PEG-PLA scaffolds containing NT-3 showed increased functional recovery compared to untreated animals as assayed by the Basso, Beattie and Breshahan scale assessing locomotor function. Bellamkonda and coworkers have also used their microtubulebased delivery system to administer BDNF from agarose scaffolds in a dorsal hemisection model of SCI [46] . Axons were able to infiltrate into scaffolds and the immune response to the injury was decreased, suggesting the establishment of a permissive environment for regeneration.
Shoichet and coworkers have developed scaffolds that contain gradients of their target drug by trapping them inside of non-degradable scaffolds. They have been able to generate gradients of NGF and NT-3 inside of pHEMA scaffolds in vitro using the device shown in Figure 1 [94] . This gradient maker works by placing the growth factor solution in channel A and the prepolymer mixture in channel B. The initial polymer solution containing no growth factor starts filling the channel. Then the growth factor solution mixes with the prepolymer solution to start making the gradient. As the volume of prepolymer solution decreased, the amount of growth factor beginning mixed increases, creating a uniform gradient. These devices can be used to fabricate gradients in a polymer that creates a scaffold with small enough pores to prevent loss of drug to diffusion.
Scaffolds containing degradation/diffusion based drug delivery systems have also been used as coatings for neural implants. Bellamkonda and coworkers tested two different methods for controlled release of aMSH from nitrocellulose scaffolds, including a reservoir delivery method and a matrix delivery method (Figure 2A and B) [53] . For the reservoir delivery method, aMSH was evaporated directly onto the silicon electrode and then the nitrocellulose scaffold was added on top. For the matrix delivery method, nitrocellulose was mixed with the aMSH and then the resulting mixture used to coat the electrodes, leading to distribution of the drug throughout the scaffold. Figure 2C shows the effect of delivery method on release over an 18 day time course. The reservoir system releases drug rapidly while the matrix delivery method creates more linear release, delivering 80% of the drug over the entire time course. The release of aMSH from these scaffolds prevented nitric oxide production by microglia stimulated with lipopolysaccharide (LPS), indicating that the fabrication process does not affect the protein's biological activity. In another study, PEG-PLA scaffolds were investigated for their ability to create controlled release of NGF [95] . The ratio of PEG to PLA was varied to determine the effect on release rate. Higher PEG to PLA ratios resulted in a longer drug delivery time course (20 days) because the PLA serves a degradable linker, thus increasing the PLA ratio should reduce scaffold stability. The prolonged time course of drug delivery with lower PLA ratios suggests that the controlled release was being regulated by the degradation of the scaffold. These scaffolds were able to deliver biologically active NGF in vitro as indicated by neurite extension of PC12 cells.
When designing degradable/diffusion-based delivery scaffolds, it is important to consider that most protein drugs have sizes in the order of nanometers and thus to create controlled release will require pore sizes in that order of magnitude. Cells are much larger (on the scale of microns) and thus larger pore sizes are needed to allow for cellular infiltration into scaffolds. One way of addressing these issues is to use microspheres with relatively small pores to control drug release and incorporating the microspheres into a scaffold with micro-scale pores that allows cellular infiltration.
3.1.2
Microsphere based delivery systems-Another method of creating controlled release is to incorporating drugs into microspheres. Microspheres can be fabricated through a variety of techniques including solvent evaporation, spray freeze drying, and other methods [96] . Additional components, such as bovine serum albumin, can be added along with the target drug to help preserve biological activity of the drug during the fabrication process. The rate of drug release from microspheres is regulated by diffusion and the release kinetics of the target drug can be altered by changing the polymer used, the amount of protein loaded and the size of the microsphere [97] . They can either be injected directly into the desired location or incorporated into scaffolds made from other materials. In the later case, the scaffolds are made of a different material that contains pores large enough to allow axons and/or cells to migrate into the scaffold.
Saltzman and colleagues have done extensive work developing and characterizing release of NGF from microspheres and disks produced under a variety of conditions [19] [20] [21] [22] [23] 57] . They successfully encapsulated NGF into EVA and PLGA and demonstrated the ability of these particles to create controlled release in vitro and in vivo [23] . The particles made from EVA delivered NGF over a 2 month time course while microspheres made from PLGA delivered NGF over 2 weeks in vitro. Extended release was also observed when these particles were implanted in vivo. Another study by Cleland and coworkers showed that the presence of zinc during encapsulation into microspheres helped stabilize NGF [98] . These microspheres also released NGF over a two week time course, consistent with Saltzman's results. Another study compared the influence of the material used to fabricate the microspheres on release kinetics of CNTF by comparing alginate and chitosan/PLGA [49] . The alginate microspheres produced sustained release for up to 12 days while the chitosan/PLGA microspheres were still releasing CNTF after 24 days. GDNF has also been successfully encapsulated into PLGA microspheres [99] . These studies have provided the framework for implementing such strategies as treatment for neurodegenerative disorders.
Although the size of microspheres makes them ideal for injecting into the brain, they can also be incorporated into traditional polymer scaffolds for use in other applications, such as NGCs. Tranquillo and coworkers engineered magnetically aligned collagen conduits containing NGF releasing microspheres for the treatment of peripheral nerve injuries [100] . Their study showed that PLGA microspheres incorporated into collagen scaffolds produced sustained release for 75 days while providing a mathematical model of the NGF distribution in the system. Shea and colleagues also observed long term release of NGF from PLGA microspheres molded into porous PLGA scaffolds [101] . These scaffolds allowed for cellular infiltration and maintained their structure in vivo. Similar long term kinetics have also been produced by incorporating PLGA microspheres into chitin/chitosan composite scaffolds, resulting in release of model drugs (BSA and epidermal growth factor) for up to 56 days in vitro [102] . One group investigated this combination approach using PLGA particles containing dexamethasone embedded into alginate scaffolds to create a novel coating for neural implants [89] . Electrodes coated with this scaffold maintained their impedance for 3 weeks in vivo compared to uncoated electrodes whose impedance began increasing after two weeks. All of these studies suggest that microspheres can be used for a range of neural tissue engineering applications by incorporating them into scaffolds.
Affinity based delivery systems
As an alternative to relying on a material's physical properties to regulate release, affinitybased delivery systems utilize non-covalent interactions between the desired drug and the scaffold to provide controlled release. One of the main examples of an affinity based delivery system is a heparin binding delivery system (HBDS), which can be used to deliver any protein drug that binds to heparin. Such delivery systems were initially designed to release basic fibroblast growth factor (bFGF) [103] , but recently HBDSs have been used in conjunction with fibrin scaffolds to treat peripheral and central nervous system injuries [65, [81] [82] [83] 104] . The HBDS consists of four components, a scaffold (e.g. fibrin), a bi-domain peptide, heparin, and a growth factor as seen in Figure 3 . The peptide consists of a factor XIIIa substrate, which allows the covalent incorporation into fibrin scaffolds, and a heparin binding domain derived from antithrombin III. This peptide binds to heparin, sequestering it inside of the scaffold. The heparin, in turn, can bind the desired growth factor. Growth factors delivered using the HBDS showed the ability to enhance neurite extension in vitro compared to fibrin scaffolds without the delivery system [65, 66, 81] . In vivo delivery of NGF from fibrin scaffolds produced similar amounts of nerve fibers distal to a NGC and at the midline of an NGC, when compared to isograft controls [104] . This system has also been extensively characterized for its ability to deliver NT-3 as a potential treatment for SCI. In a short term study, fibrin scaffolds containing the HBDS and NT-3 promoted neuronal fiber sprouting when compared to animals treated with fibrin scaffolds without the delivery system. However, in a long term study, this approach did not lead to an increase in functional recovery [82] .
Other affinity based delivery systems have been developed using a rational approach combined with combinatorial screening to identify heparin or NGF binding peptides of varying affinity. Maxwell et al. screened a phage display library against heparin-conjugated chromatography resin to identify peptide domains with varying affinities for heparin [105] . These domains were then tested using the HBDS with the newly identified heparin-binding affinity domain replacing the amino acid sequence derived from antithrombin III. These newly identified peptides showed the ability to release heparin and NGF at different rates based on affinity. A similar selection method was used to find peptide domains with varying affinities for NGF by screening a phage display library against NGF-conjugated chromatography resin [106] . This delivery system also showed that NGF-binding affinity of the peptides can modulate the release rate of NGF from an affinity-based delivery system. Similar methods can be used to develop peptide binding domains for any target protein drug, regardless of affinity for heparin. Additionally, many crosslinking methods exist to allow such domains to be incorporated into a variety of scaffolds [8, 59, 68] .
3.3: Immobilized drug delivery systems
A different approach to drug delivery involves covalently attaching the target drug into the scaffold material. In this manner, the drug will not be lost to diffusion and the time course of release would be comparable to the lifetime of the scaffold. An important consideration when designing such drug delivery systems is to ensure the process of immobilizing the drug onto the scaffold does not affect the efficacy or biological activity of the target drug. Loss of activity could result from using chemistry that results in denaturation, blocks the receptor binding site on the drug or binds the drug to the scaffold in a manner that prevents access to the active site of enzymes. Additionally, it is important to ensure that the target drug does not need to be internalized by the cell to produce the desired effect.
A variety of chemistries have been developed to produce immobilized drug delivery systems. One way of covalently tethering proteins to the desired scaffold is through the use of photochemistry, as shown in Figure 4A . This method has been used by several researchers to tether NGF to variety of materials, including pHEMA, PPy, and polydimethylsiloxane (PDMS) [38, 107, 108] . In a different approach, Leong and coworkers thiolated NGF so it could react with a PEO-PPO (poly (phenylene oxide))-PEO linker that could in turn bind to their desired scaffold material [109] . This chemistry is shown in Figure 4B . Using a different type of chemistry, Caplan and coworkers activated dextran with sodium metaperiodate, allowing it to form covalent linkages with TGF-β [61] . For covalently crosslinking proteins into fibrin scaffolds, a recombinant version of NGF containing a Factor XIIIa substrate allowed the protein to become incorporated upon scaffold formation [67] .
Electrically controlled drug delivery systems
Electrically controlled drug delivery systems have been investigated for use as coatings of neural electrodes. Such systems release target drugs upon electrical stimulation, which often is used during recording via such implants. In one study by Wadhwa et al., an ionic form of dexamethosone was incorporated into Ppy films grown on top of gold films through the use of electropolymerization [40] . Figure 5 shows the general chemistry scheme for incorporating molecules into PPy. Controlled release of dexamethosome from the Ppy films occurs after the application of a voltammetic stimulus. In vitro studies showed that the release of dexamethosome reduced the amount of reactive astrocytes present while having no negative effect on the viability of neurons. Additionally, the coating did not alter the impedance of the electrode.
Using a similar strategy, a two step process was used to incorporate NT-3 into Ppy coatings. In this study, the Ppy was first doped using p-toulene sulphonate (pTS) to create a Ppy-pTS coating on gold electrodes using galvanistic methods [41] . A second layer was then formed using a mixture of Ppy, pTS, and NT-3 in same fashion. Application of pulsed voltage, pulsed current, and cyclic voltammetry promoted increased release of NT-3 when compared to controls with no current applied (diffusion only). Further studies showed that these coatings promoted neurite extension in vitro, indicating that the NT-3 retained biological activity after the polymerization process [39] . These strategies are useful for designing coatings for neural implants and may also have applications in promoting regeneration for other injuries to the nervous system.
Conclusions and Future Directions
Many innovative methods for creating sustained release of drugs from scaffolds for neural tissue engineering have been developed, as demonstrated by the body of work reviewed. These studies help illustrate the effectiveness of such strategies as potential treatments for injury to the nervous system and give insight into new potential strategies. Some of the more recently developed methods, such as affinity-based, immobilization-based, and electrically controlled drug delivery, still need to be explored for all types of neural tissue engineering to determine where they can be best applied. By highlighting the advantages of different scaffold materials, drugs, and methods of creating controlled release, new drug releasing scaffolds can be developed for use in neural tissue engineering applications.
Although many promising strategies have been developed for creating controlled release of drugs from scaffolds, many issues still need to be addressed for these scaffolds to serve as successful treatments. For certain applications such as designing coatings for neural implants and peripheral nerve injury, a successful scaffold may require combining multiple materials and drugs to obtain the desired mechanical properties and combination of regenerative effects. Other applications, such as treating TBI or SCI, drug delivering scaffolds may need to be combined with cell transplantation to obtain functional recovery. In addition to selecting an appropriate cell source to use as treatment, such work may require studying the effect of including cells on drug release rate and determining the amounts of drug that is consumed by the cells.
Another area for future investigation includes incorporating other potential therapeutic drugs into scaffolds for controlled delivery. Potential drugs, such as chondroitinase ABC and antibodies against Nogo, have shown promise in reducing the inhibitory environment created in the central nervous system after injury. Chondroitinase ABC digests chondroitin sulfate proteoglycans that are found in the CNS ECM and inhibit axonal growth [110, 111] . By breaking down these molecules, a more permissive environment for regeneration can be created. Rats receiving injections of chondroitionase ABC showed improved functional recovery on variety of tests including beam and grid walking assessments [110] . Nogo-A and other inhibitory myelin-associated molecules bind to the Nogo-66 receptor, activating a signaling cascade that limits regeneration [112] . Antibodies or other inhibitors of the Nogo receptor can serve as a therapeutic by blocking the ability of those proteins to signal through the Nogo receptor. This strategy has been used to achieve functional recovery in preclincial studies involving a SCI model [113] . In combination with other regeneration promoting strategies, small molecules drugs, such as cyclic AMP, that decrease the inhibitory effects of Nogo have been used to promote recovery after SCI [114, 115] . To successfully deliver each of these drugs will require novel delivery methods that maintain their activity. Overall, regaining function to the injured nervous system is complex problem and drug delivering scaffolds provide a way of restoring the lost tissue.
Glial derived neurotrophic factor
IGF-1
Insulin-like growth factor-1 Schematic of the gradient maker used to create NGF concentration gradients in p(HEMA) gels using chambers A and B separated by a conduit. With the center valve closed, a known concentration of NGF and prepolymer solution were added to chamber A while an NGF-free prepolymer solution was added to chamber B. The center valve was opened and the peristaltic pump and stir bar were activated. The volumes in both chambers were equally depleted and mixed, and the resulting solution was delivered into a mold and allowed to polymerize, resulting in a gradient of entrapped or immobilized NGF in p(HEMA). Reproduced from reference [94] , Copyright (2006), Mary Ann Liebert. A) Chemistry schematic of the NGF immobilization process using azido chemistry. PAA was conjugated to an azido compound (PAA-azido). This conjugate was cast twice on PPy, followed by casting of NGF. UV light exposure promoted the formation of covalent bonds via the azido groups, immobilizing NGF to PPy. Reproduced from reference [38] 
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